Introduction which can be rewritten as
At a given pressure, the density of seawater depends on temperature and salinity. Except for high-latitude regions and near sources and sinks of salt, temperature is usually considered to vary more than salinity in the upper ocean and is generally considered to be the major source of density variations [Pickard and Emery, 1990] . Recently, Cooper [1988] demonstrated the importance of salinity to density variations in modeling motions in the tropics. Is it possible that salinity variability in the California Current system (CCS), which geographically lies between the polar regions and the tropics, is also an important consideration to density variations? A close examination of the southern CCS area in Figure 1 of Cooper [1988] suggests that salinity variations could have as important an effect in the CCS as in the tropics. In the CCS, unlike all other eastern boundary currents, salinity increases rather than decreases with depth [Wooster and Reid, 1963] . This anomalous feature can result in significantly denser water upwelled to the surface. For example, examination of Figures 18-20 of Huyer and Kosro [ 1987] , which depict the coastal area of the CCS just north of Point Arena (at --•39øN), shows that at a depth of 100 m about a third of the cross-shore density gradient over a degree of longitude is due to salinity change. Near the coast, cold, salty 100-m water is upwelled to the surface, resulting in horizontal density gradients that are at least one third greater than if the salinity profile did not change with longitude.
An approximate equation of state for seawater is p = p0[1 -a(T-To) + 13(S-So)],
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where a and/3 are the expansion and contraction coefficients for temperature T and salinity S, respectively, p is density, here shows a contribution of 2.7 and 1.7 kg m -3 to the annual density anomaly change for temperature and salinity, respectively, over the course of a year. Vertically a mean temperature at 500 m of about 5øC ___ 5øC surface to 1000 m, in conjunction with an approximate mean salinity of 34 ---0.5 psu, yields density anomaly changes of 7.2 kg m -3 from temperature and 3.8 kg m -3 from salinity.
So is the reference salinity (35 psu (practical salinity units)), and To is the reference temperature (0øC). This equation can
These estimates indicate that the importance of salinity variation should not be summarily dismissed when c•on•dering CCS density gradients in any dimension. Yet '•6ften dynamic models of the CCS use a fixed salinity field (e.g., Batteen et al. [ 1989] in a model of the central CCS) and thus do not allow salinity contributions to density gradients. Furthermore, the salinity field has often been inferred (e.g., from expendable bathythermograph (XBT) observations [e.g., Rienecker et al., 1985] ) rather than directly measured.
Since the effect of salinity gradients on the large-scale ocean circulation of the CCS has not been previously evaluated, the objective of this study is to assess this effect by comparing dynamic height fields calculated with and without the inclusion of salinity variations. The data set used is described in section 2. Using this data set, a brief presentation of the characteristic salinity fields of the CCS is provided in section 3. In section 4, mean dynamic heights are computed from salinity and temperature observations and are compared with dynamic heights computed from temperature and constant salinity values. To show the effect of salinity gradients, the difference between the two dynamic height fields is also calculated. A summary of the results and a discussion of modeling implications are presented in section 5.
Data Description
The data base used for all calculations was compiled by Dynalysis of Princeton and is described in detail by Blurnberg et al. [1984] . Coverage extends along the west coast of North America to 133øW and from 20 ø to 50øN. Sources include the National Oceanographic Data Center (NODC) data archives, the Fleet Numerical Oceanography Center (FNOC) data files, California Cooperative Oceanic Fisheries Investigation (CalCOFI) surveys made systematically since 1949, and the Coastal Ocean Dynamics Experiment (CODE) data. The combined data set consists of over 300,000 data points with observations at up to 33 standard levels to 4000 m. The more than 40,000 of these points which included any simultaneous temperature and salinity observations at 500 m or above were considered here, while those including only temperature were not used. The CalCOFI collection defines for the most part the maximum resolution possible from the data set, exceptions being along the Oregon coast and near Point Arena, where finer resolution may be possible. Generally, the number of observations increases toward the coast, with greatest concentration along the coasts of California and Oregon. There are very few data more than 500 km off the coast or between 38 ø and 42øN. Discussion here is limited to the area bounded by the extent of these data.
For this study, data were placed in bins identified by 1 ø squares centered at half degree latitude-longitude intersections, by month, and by depth level. The numbers of observations associated with each data block are plotted by Gunderson et al. [1989] . The choice of 500 m as the maximum depth level was due to data availability and because the phenomenon of interest, the CCS, has been classically considered shallower than that depth, at least within 300 km of shore [Hickey, 1979] . The choice of 1 ø squares was again due to data availability; the CalCOFI sampling grid does not support finer resolution. For the dynamic height calculations, only casts that include temperature and salinity data at all standard depths from the surface to 500 m were used. Analysis of the AcI)35T? fields at 0/500 (Figure 3) shows that the isosteres associated with temperature change increase equatorward from about 30 to 70 dyn. cm. In fall and winter they have a zonal orientation, implying a geostrophic flow toward the coast. In spring and summer these isosteres acquire a more southeasterly tilt, especially in the region to the south of central California. The 42-50 dyn. cm isosteres, which occur in the region of central California, usually indicate a poleward bend at the coast which is associated with an offshore minimum in dynamic height.
Characteristic Salinity of the C CS
Examination of the A•' fields at 0/500 (Figure 4) shows that the isosteres associated with both temperature and salinity change increase poleward from about 24 to 50 dyn. cm and appear to be oriented perpendicular to shore, although the 36-44 dyn. cm isosteres usually bend poleward as they approach the coast, associated with a maximum or ridge in dynamic height offshore. During the period from September through January, a minimum in dynamic height, less than 36 dyn. cm, occurs between San Francisco and Point Conception. Although the overall pattern has only about 60% of the range in the change of dynamic height associated with temperature, it is important to note that the change of dynamic height associated with both temperature and salinity is opposite to that determined from the temperature field alone, i.e., equatorward flow at the coast with offshore flow implied over the entire domain. The impact of salinity is complex and variable. In the region of the Columbia River's outflow, surface salinity may vary an entire practical salinity unit in 100 km, or 1 psu over the course of a year; yet in this region the depth-integrated importance of the salinity gradient is less important than anywhere else in the CCS. Off the coast of Baja California, where thermal expansion coefficients are high, saline contraction coefficients low, and surface salinity gradients have minimal impact on the density field, the importance of salinity variability 100 m below the surface is often equal to the importance of temperature variance. On the other hand, there seem to be regions of the order of 3 ø squares (e.g., in the central CCS region modeled by Batteen et al. [1989]) where the assumption of constant salinity might not cause significant errors in the estimation of density gradients. Areas where mean gradients in temperature and salinity have positive correlation in terms of their effects on density can border areas of negative covariance of the T-S gradients.
Dynamic Height
On the basis of these observations, it is reasonable to conclude that careful work concerning the CCS should include haline description. Descriptively and dynamically, both temperature and salinity are essential to accurately characterize the large-scale structure of the CCS.
Modeling Implications
Given that the effect of salinity is very important in the determination of the density field, can we accurately prescribe it, or should a fully active salinity field be used in dynamical models of the CCS? Here we consider several ways of prescribing the salinity field.
The effects of salinity on density might be achieved by using a temperature-driven linearization of density that simulates saline variability. For example, increasing the magnitude of the thermal expansion coefficient a in an upwelling process model may capture the effect of a positive T-S covariance on density. Entering different values of a for different regions and depths (higher values where covariance is positive, lower values where negative) would simulate salinity's variation over regions where salinity or temperature effects change sign. Use of a constant value of a over a range of temperatures, in addition to ignoring saline contributions, can superimpose a false smoothing tendency, resulting in an underestimation of the magnitude of positive Ap in cold water, and negative Ap in warm water. Forcing a to change more or less uniformly meridionally but at a higher rate than is warranted by the mean temperature gradient could allow study of the combined effects of meridional saline variation and smoothing.
Because salinity measurements are more expensive to make and more difficult to obtain than temperature observations, it may be desirable to estimate salinity from a known T-S correlation [Stommel, 1947] . Emery [1975] has shown that the accuracy of dynamic height calculations made from such derived salinities can, at least in some cases, be comparable to the accuracy of determinations made from observed salinities. In these cases, the salinity field in general can be inferred from XBT observations alone, as Rienecker et al. [1985] have attempted, or from conductivity-temperature-depth (CTD) casts (to convert XBT temperature profiles to density profiles) over a limited time period (--•2 months) and a limited offshore spatial domain (--•200 km square), as Rienecker et al. [1987] have attempted. In the latter case, the associated root-mean-square error in the surface height was estimated to be --•2 dyn. cm, compared with a typical dynamic range of 20 dyn. cm over the observational domain. We tried to apply the relationship Rienecker et al. [1987] used to larger regional models of the CCS and found that the resulting salinities were unrealistic, particularly in the coastal regions. This is not surprising, since the procedure, according to Rienecker et al. [1987] , is most subject to error above 100 m depth, where the T-S correlation is more tight, and over the continental shelf and slope, where a change in the T-S relation may be expected.
The validity of such salinity inferences depends completely on the strength of the T-S correlation, or what Stommel [1947] called "range of uncertainty," i.e., the "tightness" of a particular T-S curve. This uncertainty in differential salinity can be related to
where AS is determined from the T-S curve, rrs is the coefficient of determination for temperature and salinity, and derived from observations within a single grid point is that these fields are climatological, i.e., they have been averaged over time and space in contrast to data collected over limited temporal and spatial domains. A modeler might be served as well by using a fully active salinity field as by attempting to prescribe the salinity field on the basis of its relationship with temperature. Likewise, an observationalist should probably use full CTD casts to determine the salinity in the CCS rather than use XBT observations to infer the salinity field. Our results quantify the improvement of the description of the kinematics of the CCS that salinity provides.
